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The gravitational wave detector of higher sensitivity and greater bandwidth is required for fu-
ture gravitational wave astronomy and cosmology. Here we present a new type broadband high
frequency laser interferometer gravitational wave detector utilizing polarization of light as signal
carrier. Except for Fabry-Perot cavity arms we introduce dual power recycling to further amplify
the gravitational wave signals. A novel method of weak measurement amplification is used to am-
plify signals for detection and to guarantee the long-term run of detector. Equipped with squeezed
light, the proposed detector is shown sensitive enough within the window from 100Hz to several
kHz, making it suitable for the study of high frequency gravitational wave sources. With zero-area
Sagnac topology, the detector has the potential to realize quantum non-demolition measurement.
The detector presented here is expected to provide an alternative way of exploring the possible
ground-base gravitational wave detector for the need of future research.
INTRODUCTION
The direct detection of gravitational waves from two
binary black holes by Advanced Laser Interferometer
Gravitational-wave Observatory (LIGO) in 2016 opens
new era for astronomy and cosmology [1]. At the end
of the second observing run (O2), a total of 11 confident
gravitational waves events have been confirmed by LIGO
and Virgo collaborations [2]. Among these events, the
detection of binary neutron star inspiral GW170817 [3]
with a follow-up electromagnetic identification [4–8] sig-
nificantly advances the development of multi-messenger
astronomy [9]. In order to fulfill the requirements of re-
search in next decades, the ground-based gravitational
waves detection need to follow two development paths
simultaneously. One path is to build a global detection
network such that more detections with greater accuracy
are obtained. A preliminary detection network composed
of LIGO, Virgo, GEO600 and KAGRA has been formed
[10], in which more detectors will join in the future. The
another path is to improve detection sensitivity by up-
grading current detectors or building more advanced de-
tectors [11]. New detection methods and technologies
thus have to be proposed and used for the next genera-
tion gravitational wave detection.
The essence of current ground-based gravitational
wave detectors is a modified Michelson interferometer
in which phase differences between its two orthogonal
arms caused by gravitational wave strain is measured
[12]. With kilometer-scale Fabry-Pe´rot arms and appli-
cation of other advanced technologies e.g., power recy-
cling, the strain sensitivity of detectors like LIGO and
Virgo in its current detection bandwidth is mainly lim-
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ited by quantum noise [13]. quantum noise manifests in
two ways: radiation pressure noise caused by fluctuations
of photon flux impinging on mirror is dominant in lower
frequency, while shot noise caused by statistical fluctua-
tions of photons is dominant in higher frequency. It is C.
M. Caves who first pointed out that both noises result
from the vacuum fluctuations of dark port in interferom-
eter and proposed the concept of squeezed vacuum state
to surpass the quantum noise limitation [14].
In the recent third observing run (O3), the squeezed
light was injected into the dark port of interferometers
by both LIGO and Virgo, improving the sensitivity of
detectors to signals by up to 3dB in shot-noise limited
frequency range, which leads to an obvious boost for de-
tection range and rate[15, 16]. Further application of
frequency-dependent squeezing for brand-band reduction
of quantum noise is also possible [17–19]. Besides the di-
rect impact on the ability to detect astrophysical sources,
the enhanced sensitivity in high frequency is also of im-
portance for research of detected sources. For example,
sky location is essential to multi-messenger astronomy
and its accuracy highly depends on high frequency sensi-
tivity of detectors [20]. Information of states of neutron
stars e.g., tidal deformability and interior structure, is
also carried by high frequency gravitational wave signals
[21]. In addition, gravitational waves emitted by sources
relating to them such as gravitational collapse, rotational
instabilities and oscillations of the remnant compact ob-
jects are expected to be within high frequency window
[22–25]. There is thus a strong motivation for the de-
velopment of ground-based gravitational wave detectors
with high frequency detection window.
In this Letter, we propose a new type broadband laser
interferometer gravitational wave detector with high fre-
quency window, in which polarization of light is utilized
as signal carrier. The antenna of detector is thus a polar-
ization Michelson interferometer with Fabry-Perot cavity
2FIG. 1. Schematic diagram of proposed brandband high frequency laser interferometer gravitational wave
detector. The basic configuration of the detector can be viewed as a polarization Michelson interferometer nested in an
asymmetry Mach-Zehnder interferometer. BS1 is a 50:50 beam splitter, while BS2 is slight deviation from 50:50 to realize weak
measurement amplification. Except Fabry-Perot cavity arms, FPM1 and FPM2 with the same transmissivity and reflectivity are
used as dual power recycling cavity to amplify gravitational-wave signals further. The input light is prepared in the polarization
state |+〉 = (|H〉+ |V 〉)/√2 with |H〉, |V 〉 represent horizontal and vertical polarization state respectively. Gravitational wave
signals are encoded in the polarization state of light and can be extracted via a polarization analyzer placed in the dark port of
BS2. Squeezed light can be injected into the dark port of BS1 and the Michelson topology can be replaced by zero-area Sagnac
topology to realize quantum non-demolition measurement.
arms. In order to significantly reduce the shot noise in
high frequency range, dual power recycling is introduced.
A novel method called weak measurement amplification
[27] is adopted to amplify signal for detection and to
guarantee the long-term run of the detector. The calcula-
tion of quantum noise spectrum shows this detector with
current technology is sensitive enough to gravitational
waves within the range from above 100Hz to several kHz,
making it suitable for the study of high frequency gravita-
tional wave astronomy and cosmology. The possibility of
using squeezed light and quantum non-demolition mea-
surement to surpass the quantum standard limit in pro-
posed detector are also discussed. Kip Throne ever said
that “As experimental gravity pushes toward higher and
higher precision, it has greater and greater need of new
ideas and technology from the quantum theory of mea-
surement, quantum optics, and other branches of physics,
applied physics, and engineering” [26].
DESCRIPTION OF THE DETECTOR
The schematic diagram of proposed laser interferome-
ter gravitational wave detector is shown in Fig. 1. The
basic optical configuration of detector can be consid-
ered as a polarization Michelson interferometer nested
in an asymmetry Mach-Zehnder interferometer in which
the second beam splitter BS2 is not strictly 50:50 but
has slight deviation to realize weak measurement ampli-
fication (see Appendix A for details). The polarization
Michelson interferometer with Fabry-Perot cavity arms
is placed in the middle part of another Fabry-Perot cav-
ity consists of mirrors FPM1 and FPM2. The FPM1
and FPM2 have the same reflection and transmission
coefficients such that the input light from BS1 will to-
tally output from FPM2 under resonance. Since the cav-
ity supports two modes of polarization, we call it dual
power recycling. In order to extract signals encoded in
the polarization state, light that come out from the dark
3port of BS2 is measured via polarization analyzer in the
circular basis. Most of light in the LIGO detector is
reflected back toward laser source, while in our case it
comes out of bright port of BS2 and thus the parasitic
interference in the input chain is eliminated. The highly
resemblance of optical configuration to LIGO/Virgo de-
tectors implies that many advanced technologies devel-
oped in LIGO/Virgo can be directly used in proposed
detector.
When gravitational waves passing through the detec-
tor, a tiny changes of relative length is introduced and
the signal will be first amplified by Fabry-Perot cavities
in two interferometer arms. The cavity can be considered
as a reflection mirror with equivalent reflection coefficient
of
rFP (L) =
rITM + e
−2ik·L
1 + rITMe−2ik·L
, (1)
where rITM represents the reflection coefficient of input
test mass and L is the cavity length. Under the resonance
condition of e−2ik·Lres = −1, we have rFP (Lres) = −1
that describes a total reflection. A small deviation from
the resonance length Lres causes
rFP (Lres + δL) ≈ −e−2ik·Garm·δL, (2)
where we have omitted the higher order terms and
Garm = (1 + rITM )/(1 − rITM ) is the gain of arm cav-
ity. The phase of reflection light caused by δL under
resonance thus can be significantly amplified by choosing
rITM properly.
We now consider the input-output relation of dual
power recycling cavity consist of FPM1 and FPM2. The
input light is produced in linear polarization |+〉 =
(|H〉 + |V 〉)/√2 with |H〉 and |V 〉 represent horizontal
and vertical polarization state respectively. In the cavity,
photons with |H〉 or |V 〉 state experience different paths
as shown in Fig.1. We consider the input-output rela-
tion of photons with independent polarization state first
and the final state of output photons can be obtained ac-
cording to superposition law of optical field. Under the
stationary condition, the light field within and output
cavity are determined by
EMH/V = t ·EinH/V − r2r2FP (Le/n) ·EMH/V eik·2(l1+l2);
EoutH/V = t · rFP (Le/n) · EMH/V eik(l1+l2),
(3)
where t, r are coefficients of transitivity and reflectivity
of FPM1/FPM2, Le/n represent length of east or north
arms in Fig.1, l1 labels the distance between FPM1 and
ITM and l2 labels the distance betweem ITM and FPM2.
Choosing proper l1, l2 such that e
ik·2(l1+l2) = −1, we
obtain the equivalent transmission coefficient of FPM1-
FPM2 cavity as
tH/V =
it2 · rFP (Le/n)
1− r2r2FP (Le/n)
. (4)
A tiny deviation from resonance Le/n = Lres results in
tH/V (Lres + δLe/n) ≈ −ie−ik·GP ·Garm·2δLe/n , (5)
where Gdp ≡ (1 + r2)/t2 gives the gain of dual power re-
cycling. The signal of gravitational waves h(t) propagat-
ing perpendicular to detector introduces relative length
change of ∆L = δLe − δLn = h(t)L. According to su-
perposition rule, the polarization state of output light
reads
|ϕ〉 = 1√
2
(|H〉+ eiθ(t)|V 〉), (6)
where θ(t) = Gdp · Garm · k · 2h(t)L and global phase is
omitted. The detector equipped with Fabry-Perot cavity
arms and dual power recycling thus amplify gravitational
wave signals by the factor of Gdp · Garm. It should be
noted that power recycling used in LIGO/Virgo detectors
enhances only input light power rather than signal itself.
In order to catch the possible gravitational waves
events, detectors need to run from several months to
years in practical case. It is thus impossible to extract
signals directly at the output port of FPM2. The dif-
ficulty, however, can be overcome by using weak mea-
surement amplification (see Appendix for details). In
proposed detector as shown in Fig. 1, it is realized by
a simple Mach-Zehnder interferometer consisting of BS1
and BS2. After passing through BS1, the state of pho-
tons is described as
|Ψi〉 = (r1|d〉+ t1|u〉)⊗ |+〉, (7)
where r1, t1 are coefficients of reflection and transmission
of BS1 satisfying |r1|2 + |t1|2 = 1 and |d〉, |u〉 represent
path state of down and up arm respectively. The gravita-
tional wave signals are encoded in the polarization state
of photons flying along up arm. Since global phase can
be compensated in the down arm, the state of photons,
before arriving at BS2, reads
|Ψf〉 = r1|d〉 ⊗ |+〉+ t1|u〉 ⊗ |ψ〉, (8)
where |ψ〉 is shown in Eq. (6). When only photons
out the down port of BS2 are considered, path state
|φ〉 = r2|d〉+ t2|u〉 is post-selected, where r2, t2 are coef-
ficients of reflection and transmission of BS2. The polar-
ization state of post-selected photons, in the first order
approximation, becomes
|ψ〉 = 1√
P
〈φ|Ψ〉f = 1√
2
(|H〉+ eiΘ(t)|V 〉). (9)
Here P = |〈φ|Ψ〉f |2 = (r1r2 + t1t2)2 is the successful
probability of post-selection and Θ(t) is determined by
the formula of
tanΘ =
sinθ
cosθ + r1r2/t1t2
=
θ
1 + r1r2/t1t2
≡ Aθ, (10)
4where θ ≪ 1. Choosing r1, t1, r2, t2 properly such that
r1r2 + t1t2 → 0, A > 1 is obtained and signal θ is
amplified. The amplification of signal is at the cost of
low probability of success P = (t21t
2
2)/A
2. In proposed
detector, BS1 is set that t21 = r
2
1 = 1/2. Choosing
r22 = sin
2(pi/4 + δ), t22 = cos
2(pi/4 + δ) for BS2 and no-
tice that pi/2 phase is added to reflection field we have
A = 1/δ. The degree of deviation of BS2 from 50:50
beam splitter determines the ability of amplification.
Weak measurement amplification is of importance in
proposed detector for guaranteeing dark port detection
such that long-term run of detector is possible. With
current technology, A = 1/δ ≈ 103 is available and
the measured light intensity will be reduced to about
millionth of input light from laser source. In addition,
amplified signals is more robust to the calibration er-
ror of polarization analyzer. A proof of principle exper-
imental demonstration of weak measurement amplifica-
tion has already been given [28]. Amplified signals Θ(t)
is easily extracted in the circular basis of polarization
{|R/L〉 = (|H〉 ± i|V 〉)/√2} as
〈ψ|σˆ|ψ〉 = I1 − I2
I1 + I2
= sinΘ, (11)
where σˆ ≡ |R〉〈R| − |L〉〈L| and I1, I2 are light intensities
of two detection ports. The measured quantity is directly
proportional to signals, while in Advanced LIGO the DC
readout is required [29].
QUANTUM NOISE ANALYSIS
The noise spectrum determines ultimately the sensitiv-
ity and bandwidth of gravitational-wave detectors. Ex-
cept quantum noise, there are various of other noises
source e.g., thermal noise, seismic noise, coating noise
etc. With current state-of-art technologies, quantum
noise has been the dominant noise in LIGO detectors
and thus we only focus on it here.
Quantum noise consists of radiation pressure noise and
shot noise, they are dominant in different frequency do-
main. Radiation pressure noise takes responsibility for
low frequency performance of detector, while shot noise
determines the high frequency performance. Intuitively,
radiation pressure noise is caused by photons impinging
on mirrors and shot noise is due to counting statistics,
essentially, however, they originate from quantum fluctu-
ations of vacuum. Two different approaches, traditional
[30] or full-quantum [31], can be used to calculate the
quantum noise spectrum, which of course give the same
result. The calculation of quantum noise in proposed de-
tector is very similar to that in LIGO detector except that
polarization of photons should be taken into considera-
tion. Notice that the minimal detectable amplified phase
Θ is proportional to 1/
√
2PN0 with P is the successful
probability of post-selection and N0 represents photon
FIG. 2. Quantum noise strain sensitivity of proposed
detector vs LIGO detector. Parameters are chosen as
λL = 1064nm, P0 = 125W, L = 4km,M = 40Kg, Garm =
150, Gdp = GP = 50. Signal recycling used in LIGO detector
is not considered here. The green line is the case that squeezed
light is used in proposed detector and purple line represents
the possible case that proposed zero-area Sagnac topology
detector equipped with squeezed light.
numbers of input light during observation time. Since
the response function of Fabry-Perot cavity arm is the
same in LIGO detector [30], the strain sensitivity due to
quantum noise in our detector reads
S1/2n (fgw)|shot =
√
2pi~λLc
t21t
2
2P0
· 1
4piGdp ·Garm · L ·
1
C(fgw)
S1/2n (fgw)|rad =
√
~t21P0
2piλLc
· 8
√
2piGdp ·Garm
(2pifgw)2 ·M · L · C(fgw),
(12)
where C(fgw) is the frequency response function
C(fgw) =
sinc(2pifgwL/c)√
1 +G2arm/2 · [1− cos(4pifgwL/c)]
(13)
and the total strain sensitivity is S
1/2
n (fgw) =√
Sn(fgw)|shot + Sn(fgw)|rad. When fgw ≪ c/2piL ≈
12kHz, C(fgw) reduces to the familiar form of
1/
√
1 + (fgw/fp)2 with fp is the pole frequency. Weak
measurement amplification does not improve strain sensi-
tivity of detector. The intriguing thing is that it provides
us a way to extract signals without need to detect all the
photons but in the meantime it maintains the sensitivity.
The strain sensitivity of proposed detector due to
quantum noise is shown in Fig. 2 with the LIGO de-
tector as a comparison. The case of signal recycling used
in LIGO detector is not shown here since it broadens the
bandwidth with sensitivity sacrifice in some frequency
domain. In both cases, the proposed detector has bet-
ter sensitivity in the higher frequency area from above
100Hz to several kHz. The improvement is due to the use
of dual power recycling with gain Gdp as clearly shown
5in Eq. (12). In fact, if Gdp is replaced by
√
2Gp in Eq.
(12) with Gp is the gain of power recycling, we obtain
the strain sensitivity of LIGO detector without signal
recycling. With current technology it is a reliable as-
sumption that the magnitude of Gdp can be comparable
to Gp. The squeezed light, which has already been used
in LIGO/Virgo detectors, can also be equipped with pro-
posed detector. Contrary to LIGO detector, the origin
of quantum noise in proposed detector results from vac-
uum fluctuations of the dark port of BS1 (see Appendix
B for details). The location separation of squeezed light
injection from signal detection as shown in Fig. 1 is obvi-
ously beneficial for better squeezing quality and control.
A long-term stable 3dB squeezing is achievable [15, 16],
which will further improves the strain sensitivity of high
frequency and widen the bandwidth of the proposed de-
tector. The application of frequency-dependent squeez-
ing is also possible [13].
Since gravitational wave signals are extremely weak,
the behaviour of test mass is actually governed by
quantum theory in which Heisenberg uncertainty prin-
ciple sets a minimum noise called standard quantum
limit(SQL) [32] S
1/2
SQL =
√
8~/M/(2pifgwL) ≈ 1.83 ×
10−22/fgw. The application of squeezed light discussed
above is one way to beat the SQL. Another way is the
quantum non-demolition measurement (QNM) [33], with
which detectors will only be limited by shot noise. Laser
interferomter with zero-area Sagnac topology configura-
tion as a speed meter is considered one of promising ways
to realize QNM of gravitational wave signals [34–36]. The
proposed detector can be naturally redesigned with zero-
area Sagnac topology as shown in block diagram of Fig.
1. The application of squeezed light, of course, reduces
further the quantum noise of a QNM detector. It is be-
lieved that technical issues will not be limiting factor and
the QNM detectors shall be next generation ground-base
gravitational-wave detectors [37].
DISCUSSION AND CONCLUSION
Compared with current LIGO/Virgo detectors, the
proposed detector has three advantages of technical im-
plementation mainly due to the application of weak mea-
surement application. The first one is the spatial sepa-
ration of squeezing injection and detection port. The
second one is that most of light coming out of detection
system rather reflected back toward to the light source
and the third one is the extraction of signals encoded
in the polarization of photons without need of DC read-
out. On the other hand, however, it requires extreme
high quality of manipulating polarization optics, which
is a big technical challenges. Detailed theoretical analy-
sis and prototype experiment are needed for performance
assessment in the next step.
In conclusion, a new type broadband laser interferom-
eter gravitational-wave detector is proposed. Except for
Fabry-Perot cavity arms, dual power recycling is intro-
duced for the amplification of signals that encoded in the
polarization of photons. A novel method weak measure-
ment amplification is used to amplify signals for dark port
detection such that long-term run of detector is guar-
anteed. Squeezed light can be injected in the detector
for further reduction of quantum noise. With zero-area
Sagnac topology, the detector has the potential to real-
ize quantum non-demolition measurement. The proposed
detector is shown sensitivity enough in the high frequency
within the range from above 100Hz to several kHz, mak-
ing it suitable for the study of high frequency sources
such as gravitational collapse, merger of binary neutron
stars, rotational instabilities and oscillations of the rem-
nant compact objects. With this kind of detector join the
current global detection network, not only the detection
range and rate can be increased but also the accuracy
of sky location, which is essential to multi-messenger as-
tronomy, can be significantly improved. Application of
proposed detector in fundamental physics such as prob-
ing the Planck scale [38, 39] and axion dark matter [40]
seems also promising.
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Appendix A: Weak Measurement Amplification
In this section, we will give a detailed introduction of
weak measurement amplification that is essential to the
proposed gravitational wave detector. The concept of
weak measurement is first proposed by Aharonov, Al-
bert and Vaidman (AAV), which focuses on disturbing a
system as small as possible so that the state of system
would not collapse after measurement [Phys. Rev. Lett.
60, 1351(1988)].
Consider a two-level system initially prepared in the
superposition state of |ψi〉s = α|0〉s + β|1〉s with |α|2 +
|β|2 = 1. For simplicity, we choose a qubit state as
pointer with initial state |0〉p. The initial state of the
composite system is thus |Ψi〉sp = |ψi〉s ⊗ |0〉p. The
interaction Hamiltonian usually takes the form of von
Neumann-type as Hˆ = gAˆ⊗ σˆy , where Aˆ ≡ |0〉〈0|−|1〉〈1|
is the observable of system, σˆy is Pauli operator acting on
pointer and g represents the coupling between system and
pointer. According to quantum measurement theory, the
system and pointer are entangled after interaction and
6the state of the composite system becomes
|Ψf 〉sp = e−ig∆tAˆ⊗σˆy |Ψi〉sp
=α|0〉s ⊗ e−iθσˆy |0〉p + β|1〉s ⊗ eiθσˆy |0〉p
=α|0〉s(cosθ|0〉p + sinθ|1〉p) + β|1〉s(cosθ|0〉p − sinθ|1〉p),
(14)
where ~ ≡ 1 and θ = g∆t. Different eigenstates of ob-
servable Aˆ cause different rotation of pointer in Bloch
sphere after interaction. When θ = pi/4, the two pointer
states become |±〉p = (|0〉p ± |1〉p)/
√
2 and they are or-
thogonal. In this case, if measurement is performed on
pointer with basis {|+〉, |−〉} we can definitely know the
state of system after measurement, which corresponds to
projective measurement. In general cases that θ 6= pi/4,
we just realize POVM measurement and there exists am-
biguity about state of system after measurement on the
pointer.
Weak measurement, however, focuses on weak interac-
tion case of θ ≪ 1 in which barely no information about
system can be extracted by measurement of pointer.
The essential difference between weak measurement and
conventional measurement is the introduction of post-
selection of system. Suppose that the system is post-
selected into the state |ψf 〉 = γ|0〉 + η|1〉 after system-
pointer interaction. The state of pointer, after post-
selection, becomes
|ϕ〉p = 1
N
〈ψf |Ψf 〉sp = 1
N
〈ψf |e−iθAˆ⊗σˆy |ψi〉s|0〉p, (15)
where N is normalization factor that N = |〈ψf |Ψf〉sp|.
Since θ ≪ 1 in weak measurement, to the first order of
approximation, the state of pointer is
|ϕ〉p = 〈ψf |ψi〉
N
e−iθ〈Aˆ〉wσˆy |0〉p. (16)
Here so-called weak value of observable Aˆ is defined as
〈Aˆ〉w = 〈ψf |Aˆ|ψi〉/〈ψf |ψi〉. Intuitively, post-selection of
the system causes about θ〈Aˆ〉w rotation of pointer on
Bloch sphere. When proper measurement is performed
on pointer, information about θ or weak value < Aˆ >w
is obtained. Specifically, we have
〈σˆ+〉p = 2θRe〈Aˆ〉w, 〈σˆR〉p = 2θIm〈Aˆ〉w, (17)
where σˆ+ ≡ |+〉〈+| − |−〉〈−|, σˆR ≡ |R〉〈R| − |L〉〈L| with
|±〉 = (|0〉 ± |1〉)/√2, |R/L〉 = (|0〉 ± i|1〉)/√2.
When 〈ψf |ψi〉 approaches to zero, 〈Aˆ〉w becomes ex-
tremely large, signal θ is thus amplified. This is, of
course, at the cost of extremely low success probabil-
ity of |〈ψf |ψi〉|2. Weak value amplification (WVA) has
been extensively studied since the observation of the spin
hall effect of light [Science, 319, 787(2008)]. Due to the
low successful probability of post-selection in the WVA,
controversy on whether WVA measurement outperforms
conventional measurement in parameter estimation has
been last for decades. In most precision measurement
experiments e.g., gravitational wave detection we actu-
ally care only about sensitivity, which cannot be simply
improved by amplification. The fact that WVA has the
potential to magnify ultra-small signals to the measur-
able level undoubtedly makes it useful. This is because
the measurement apparatus in practice are limited to fi-
nite precision. The most vivid example is microscope,
which is used to distinguish two spots that are invisible
to human eyes. Microscope amplifies the spots so that
we can direct see them for distinguish. However, the res-
olution of microscope is determined by scattering limit of
light. Amplification helps us to distinguish objects with
eyes but will not improve the resolution.
Based on above discussion, application of WVA to
gravitational wave detection seems not improve the sen-
sitivity of detector. Besides, how to amplify general lon-
gitudinal phase signal as in gravitational wave detection
via WVA has not yet resolved. We will show here that
both of concerns can be eliminated. It should be realized
that the definition of weak value is due to the choice of
von Neumann-type interaction. Without this restriction
we consider the control-rotation evolution
Uˆ = |0〉s〈0| ⊗ Iˆp + |1〉s〈1| ⊗ (|0〉p〈0|+ eiθ|1〉p〈1|) (18)
with θ be the phase signal to be measured. Choosing
the initial state of pointer as |+〉p then the state of the
composite system, after interaction, becomes
|Ψf 〉sp = α|0〉s⊗|+〉p+β|1〉s⊗(|0〉p+eiθ|1〉p)/
√
2. (19)
When the system is in state of |0〉s nothing happens to
pointer, while in state of |1〉s the state of pointer is ro-
tated θ along the equator of Bloch sphere. With post-
selection of the system into state |ψf 〉, the pointer state
reads (unnormalized)
|ϕ〉p = 〈ψf |Ψf 〉sp = (αγ + βη)|0〉p + (αγ + βηeiθ)|1〉p
(20)
with α, β, γ, η are taken real numbers here. αγ + βηeiθ
can be recast as
√
α2γ2 + β2η2 + 2αγβηcosθeiφ with
tanφ =
βηsinθ
βηcosθ + αγ
. (21)
Since phase signal θ ≪ 1,
√
α2γ2 + β2η2 + 2αγβηcosθ =
αγ+βη in the first order approximation and the state of
pointer thus becomes
|ϕ〉p = 1√
2
(|0〉p + eiφ|1〉p). (22)
Post-selection of the system after weak interaction results
in φ rotation of the pointer state along equator of Bloch
sphere. Amplification is realized when we choosing post-
selection state |ψf 〉 properly such that φ > θ is satisfied.
7FIG. 3. Optical realization of weak measurement amplifica-
tion. This optical configuration is the foundation of proposed
detector in main text.
In general, we can set α = β = 1/
√
2 and γ = cosχ, η =
sinχ, in the case of θ ≪ 1, Eq. (21) reduces to
tanφ =
θ
1 + cotχ
. (23)
Suppose that χ = −(pi/4 + δ) with δ ≪ 1, then cotχ =
−1 + δ in first order approximation and we have tanφ =
θ/δ. The factor of amplification in this case is
h =
φ
θ
=
arctan(θ/δ)
θ
. (24)
The amplified phase φ can be easily extracted by per-
forming σˆR measurement on pointer
〈σˆR〉 =p 〈ϕ|σˆR|ϕ〉p = sinφ. (25)
The above amplification protocol is within weak mea-
surement framework but different from WVA and thus
named as weak measurement amplification (WMA). The
concept of weak value is not required in WMA. In anal-
ogy with micrometer that transforms a small displace-
ment into a larger rotation of circle, WMA transforms
a ultra-small phase signal into a larger rotation of the
pointer state along equator of Bloch sphere. The WMA
is a general amplification protocol and applied to any
physical qubit systems.
We have figured out how to realize longitudinal phase
amplification within weak measurement framework. The
next natural question is how to apply WMA to gravi-
tational wave detection or more specifically how to con-
struct detection system based on WMA protocol. Fortu-
nately, it is not hard to construct an optical system real-
ize WMA. As shown in Fig. 4, the path and polarization
degrees of freedom of photons are chosen as system and
pointer respectively and polarization Michelson interfer-
ometer is used to realize control-rotation evolution.
The WMA optical system consists of five parts i.e.,
laser source, initial state preparation, control-rotation
evolution, post-selection and pointer measurement. The
laser source produces stabilized photons in the linear po-
larization state |+〉 = (|H〉 + |V 〉)/√2. The initial state
preparation is fulfilled by the beam splitter (BS1). The
state of photons, after passing through the BS1, becomes
|Ψi〉sp = |ψi〉s ⊗ |+〉p = (r1|d〉+ t1|u〉)⊗ |+〉p, (26)
where r1, t1 are coefficients of reflection and transmission
of the BS1 satisfying |r1|2 + |t1|2 = 1 and |u〉, |d〉 repre-
sent path state of up arm and down arm respectively.
The photons, which fly along path of up arm, enters a
polarization Michelson interferometer (PMI) that used
for signal collection. The PMI, which consists of a po-
larizing beam splitter (PBS1), two quarter wave plates
(QWP) and two end masses, outputs the state of photons
(|H〉+eiθ|V 〉)/√2 when the input state is (|H〉+|V 〉)/√2
with θ is the phase signal to be measured. The function of
QWP, which is fixed at pi/4, is to transform polarization
states |H〉 and |V 〉 into its orthogonal states |V 〉 and |H〉
respectively when photons pass through it twice. Hence
the transmitted photons with the state |H〉 is converted
by QWP to the state |V 〉, which is reflected by the PBS1,
and the reflected photons with the state |V 〉 is converted
to the state |H〉 by the other QWP and is thus transmit-
ted by the PBS1 such that the photons will not come out
from the input port. There is no change of state when
photons flying along the down arm path. The control-
rotation interaction is fulfilled when photons come out of
PMI with state
|Ψf 〉sp = r1|d〉 ⊗ |+〉+ t1|u〉 ⊗ (|H〉+ eiθ|V 〉)/
√
2. (27)
The process of signal amplification, which depends on
post-selection, can be fulfilled by the BS2 with coeffi-
cients of reflection and transmission of r2 and t2, which
satisfy |r2|2 + |t2|2 = 1. The post-selection is completed
when we focus only on the photons come out from the
down port of BS2 with the post-selected path state
|ψf 〉s = r2|d〉+ t2|u〉. (28)
The polarization state of post-selected photons, in the
first order approximation, thus becomes
|ϕ〉p = 1√
2
(|H〉+ eiφ|V 〉) (29)
with φ determined by
tanφ =
sinθ
cosθ + r1r2/t1t2
. (30)
The amplified phase signal φ thus can be obtained by
properly choosing r1, r2, t1, t2 such that s〈ψf |ψi〉s =
r1r2 + t1t2 → 0. The HWP, QWP, PBS2 and two de-
tectors complete the detection of amplified phase signal
as a polarization analyser.
8Appendix B: Squeezing Quantum Noise
In this section, we will show that the quantum noise in
proposed detector results from the vacuum fluctuations
in the dark port of BS1. The analysis follows the way of
Caves [14]. The quantized light field propagating in the
direction of z with |+〉 = (|H〉 + |V 〉)/√2 polarization
can be expressed as
Eˆ+ =
√
2pi~ω
Ac
[aˆ+e
−i(ωt−kz) + aˆ†+e
i(ωt−kz)] (31)
where A is cross-section of light field and aˆ+, aˆ
†
+ represent
annihilation and creation operator of photons with |+〉
polarization. Clearly, we have aˆ+ = (aˆH+aˆV )/
√
2. First,
consider the dark port output of BS2 as shown in Fig. 4.
For BS1, the input-output relations are
aˆ3,+ = t1aˆ1,+ + r1aˆ2,+
aˆ4,+ = t1aˆ2,+ + r1aˆ1,+.
(32)
Here it is assumed that all optical elements are ideal and
optical losses can be neglected. For simplicity of discus-
sion, we assume that there exists no signals and other
noises such that the polarization state of photons is un-
changed after passing through the polarization Michelson
interferometer. The dark port output of BS2 is thus
bˆ+ = t2aˆ3,+ + r2aˆ4,+
= (t1t2 + r1r2)aˆ1,+ + (t1r2 + r1t2)aˆ2,+
(33)
Suppose that there are certain N photons are input from
the port 1 of BS1, then the initial state of the whole
system is |N〉1,+⊗|0〉2,+. The average number of photons
coming out of dark port of BS2 is given as
〈nˆ〉 = 〈bˆ†bˆ〉 = |t1t2 + r1r2|2N = PN. (34)
It can be seen that P is the success probability of post-
selection. The direct calculation gives the fluctuation of
photons number as
∆n =
√
〈nˆ2〉 − 〈nˆ〉2
=
√
|t1t2 + r1r2|2|t1r2 + r1t2|2 ·
√
N.
(35)
Note that only terms like aˆ†1aˆ1aˆ
†
1aˆ1 and aˆ
†
1aˆ1aˆ2aˆ
†
2 make
contributions. In our case, t1 = 1/
√
2, r1 = i/
√
2 and
t2 ≈ 1/
√
2, r2 ≈ i/
√
2, then |t1r2 + r1t2|2 ≈ 1, we obtain
δn =
√
PN as expected. The shot noise is indeed due to
the vacuum fluctuation of dark port of BS1.
We now consider the radiation pressure noise that orig-
inates from photons impinging on mirrors. The optical
field in the two arms aˆ3,R, aˆ3,L is related to aˆ3 as
aˆ3,+ =
1√
2
(aˆ3,H + aˆ3,V ) =
1√
2
(aˆ3,R + aˆ3,L). (36)
FIG. 4. input-output of quantized optical field.
According to Eq. (32), we have
aˆ3,R = t1aˆ1,H + r1aˆ2,H
aˆ3,L = t1aˆ1,V + r1aˆ2,V .
(37)
What we care about is difference of photons number
in two arms δnˆ = aˆ†3,Raˆ3,R − aˆ†3,Laˆ3,L. Notice that
〈aˆ†1,H aˆ1,H〉 = 〈aˆ†1,V aˆ1,V 〉 = N/2. The average value of
number difference is 〈δnˆ〉 = 0. The fluctuation ∆(δnˆ) of
number difference is thus determined by
∆(δnˆ) =
√
〈(δnˆ)2〉 = t1
√
N. (38)
We have shown that quantum noise in the proposed de-
tector results from the vacuum fluctuations of dark port
of BS1 and thus usage of squeezed light in dark port of
BS1 will certainly reduce shot noise or radiation pressure
noise.
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